ABSTRACT In this paper, a compact substrate-integrated waveguide (SIW) cavity-backed slot antenna array with high gain, broadband, and dual-polarization performances is proposed for 60-GHz applications. An enhanced 17.1% impedance bandwidth was achieved by cutting semi-circle edges on the conventional slot radiator. A simplified SIW feed network is aperture-coupled vertically and constructed on a double-layered structure to implement the dual-polarization operation. By adopting innovative techniques on both radiating element and double-layered SIW feed networks, a high-gain, broadband, and dual-polarized 8 × 8 antenna array was designed on three-layered printed circuit board that allows for mass production. This configuration also resolves the trade-off between the bandwidth and gain of the existing 60-GHz dual-polarized antenna array. Its feasibility is proved by obtaining a measured gain in the range of 19.7-22.3 dB and an enhanced impedance bandwidth of 17.1% over 55.7-66.1 GHz for both horizontal and vertical polarizations. With advantages of high-gain, broadband, and dual-polarization performances in a low-cost low-profile structure, the proposed antenna array is a promising candidate for millimeter-wave wireless systems.
I. INTRODUCTION
The next generation wireless networks and internet of thing (IoT) are envisioned to support the real-time big data traffic with reduced energy consumption and improved quality of service (QoS) provision. 60 GHz millimeter wave (mmWave) techniques have addressed the requirement of providing multi-gigabit communication services such as high definition television (HDTV) and ultra-high definition video (UHDV) [1] . To overcome the propagation path loss at 60 GHz and provide the high data rate for wireless users, the antenna design for 60 GHz is desirable to feather with high gain and broadband characteristics.
High-gain mm-wave planar array has attracted increasing attention owning to its merits of planar profile, light weight and good performances. Mm-wave planar arrays in low loss have been successfully implemented on low-temperature co-fired ceramic (LTCC) [2] , [3] , liquid crystal polymers (LCP) [4] , and printed circuit board (PCB). Also, hollow waveguide [5] , [6] , groove gap waveguide [7] , coplanar waveguide [8] , and substrate integrated waveguide (SIW) [9] , [10] are utilized as low-loss planar array feed networks for high-gain antenna array.
Currently, SIW has been widely used as a planar embedded waveguide for mm-wave circuits with the merits of high power handling capability and wideband operation. For the need of high volume production such as base stations and mobile devices, mm-wave SIW feed networks implemented by low-cost PCB laminates has been applied to many designs such as slot antenna arrays [11] , [12] , patch antenna arrays [13] , [14] , cavity-backed antenna arrays [15] , [16] , magneto-electric dipole array [17] . Nevertheless, the gain enhancement of the antenna array is limited by the power transmitting loss on the feed network. The loss on the feed network is increased with it volume and design complexity. Therefore, simplified, rigorous design on the feeding structure is crucial for the antenna array with high-gain, broadband performance.
On the other hand, dual-polarized antenna is desirable for modern wireless communication to improve the link quality for reducing multipath fading loss [18] . However, dualpolarized antenna arrays fed by SIW is rare, especially on millimeter-wave band. This is because SIW feed network occupies a large space, making it a challenge to fed the antenna array in dual-polarization. Dual-polarized antenna array in a planar structure usually need multi-layer feed networks with complex topology, even for the designs fed by the microstrip lines [19] , [20] or the waveguides [5] . For this reason, although the SIW feed network increases its popularity in recent years, there is still no suitable design for a dual-polarized SIW-fed antenna array with high-gain broadband performance to the best of our knowledge.
At the same time, waveguide slot array antennas are widely employed in the mm-wave band for their advantages of simple structure, low profile and low cross-polarization level. Its inherence narrow impedance bandwidth can be broaden by adding circular radiating units [21] or feeding by U-shape microstrip line [22] . But these methods have high etching accuracy requirements for the mm-wave antenna array design with strict fabricated tolerance and limited feeding space.
Alternative methods, such as EBG-type SIW [23] , slot-patch antenna [24] or load a dielectric substrate over the radiating slots [2] , are adopted to achieve broadband performance in mm-wave band. But the additional layers or EBG structures increase the design complexity and fabrication costs.
In this paper, semi-circle cutting technique is used to effectively broaden the impedance bandwidth on dual-polarized slot radiators. This methodology offers a simple and lowcost way for bandwidth enhancement. Another novelty of this paper lies on the simplified double-layered SIW fullcorporate feed network that supports dual-polarized operations. Based on the proposed antenna and feed networks, an 8×8 high-gain, broadband and dual-polarized SIW slot antenna array was designed and analyzed.
The rest of this paper is organized as follows. Section II demonstrates the array prototype from 2×2 element, 4×4 to the final 8×8 element. Section III verifies the fabricated prototype with the experimental and simulated results. Our array performance was compared with other 60 GHz array designs in Section IV, followed by a conclusion in Section V. 2×2 element subarray antenna with cross-shaped slots etched on M1 is symmetrically placed and surrounded by a square SIW fense in Sub1 (yellow), which is designed to operate in dual-polarization. In Sub 2 and Sub 3, waves are resonated in the constructed SIW cavities before coupled upward through the apertures.
Aperture-coupled vertically structure is adopted as the interconnecting method between the two adjacent SIW cavities. As shown in Fig. 1(a) , the incident powers from Port 1 and Port 2 are coupled upward through the apertures on M2 and M3 with the help of SIW cavities, and then divided by four in Sub1 to feed the 2×2 element subarray on M1. Herein, a slot (w a8 ×l a8 ) etched on M3 is applied for H-polarization and a cross-shaped slot etched on M2 is used for V-/H-polarizations at the same time. The top-view topologies of each metal layer are illustrated in Fig. 1(b) , with the dimensions listed in Table 1 . The metalized areas are in gray, the slots and apertures are in white and the SIW vias in each substrate are in colors. The radius of the vias of SIW cavities is consistent to 0.15 mm. The E-field distributions of each layer for the 2×2 subarray are simulated and shown in Fig. 2 . The E-field in Sub1 is plotted for both V-and H-polarizations, proving the 2×2 slot elements are independently excited in phase by the vertically divided waves from the SIW cavity in Sub1. Moreover, the dimensions of three apertures on different metal layers are designed for impedance matching purpose. And all apertures are located in the SIW cavity center in order to avoid exciting the traveling wave on the other polarization. This gives more than 40 dB isolation between the orthogonal polarization over the whole operating band, as presented in Fig. 3 . In this work, the antenna array is designed and optimized using a full-wave electromagnetic solver Ansys HFSS [25] .
In addition, semicircular cut technique is applied to the edge of each slot radiator on M1 to effectively broaden the impedance bandwidth of the proposed dual-polarized subarray antenna. The simulated S-parameter in Fig. 3 indicates that the proposed 2×2 element subarray antenna with dualpolarization and an overlapped bandwidth from 56 to 66 GHz is obtained. The parametric studies on the semicircular cuts is conducted and comparative results in Fig. 4 prove its effectiveness to broaden the impedance width of the proposed subarray antenna. It is seen that the bandwidth of the conventional slot antenna array without semicircle cuts is narrow, being around 5%. By cutting the semicircles on the slot edges, the impedance bandwidth is enhanced by introducing new resonances on the higher band, as can be observed on both V-and H-polarizations. By enlarging the diameter of the semi-circle cut D, the −10 dB impedance bandwidth is increased by joining multi resonances. The maximum bandwidth is reached on D=0.4m, where 16.4% (56 to 66 GHz) on Port 1 and 17.9% (56 to 67 GHz) on Port 2. The bandwidth is decreased to one resonance when D=0.5mm. Because the slot shape is then approached to a standard shape without the semicircle cuts, as indicated in the inner of Fig. 4 . 11.2 dB for H-polarization. The variation of the gain over the range of 53-64 GHz is less than 1 dB. A sharp drop of the gain value can be observed after 64 GHz, which can be used to reject the interference from the upper band. Fig. 6 shows the symmetrical, almost identical radiation patterns on the orthogonal planes, with the cross-polarization levels smaller than −32 dB.
B. 4 × 4 ELEMENT ARRAY
In Fig. 7(a) , 4×4 element array is constructed by locating 2×2 subarrays on the same plane. Elements are arrayed with a constant spacing of 3.4 mm (≈ 0.68λ) in both x-and y-direction. In Sub1, a 2×2 subarray shares one zigzag via VOLUME 6, 2018 column with the adjacent one for minimizing the number of vias in the SIW cavity. In Fig. 7(b) and (c), 1 to 4 SIW power dividers are used to divide the incident power from Port 1 (Port 2) to the 2×2 cavities in Sub 2 (Sub 3) by an H-junction structure. The dimensions of the H-junction are listed in Table 2 . It is noticed that the 2×2 cavities are constructed in unequal circuit size for optimizing radiation patterns. To investigate the effect of phase difference of 2×2 cavities on antenna performances, radiation patterns of 4×4 antenna array with different values are simulated and compared in Fig. 8 . It is found that when = 0 mm, the radiation pattern is shown with a deep null in boresight and two beams in E-plane direction (x-axis for Port 1). The increase on the offset changes the aperture phase difference, obtaining a continuous altering on the beam direction on E-plane. When = 0.9 mm, radiation pattern reaches its maximum of 17.3 dB broadside gain. This optimized offset in Sub 2 (Sub 3) is adopted and designed to gives an extra 180 • phase delay between two adjacent SIW cavities along the y-direction (x-direction) when providing the inphase E-field excitation from input Port 1 (Port 2). Thus, = 0.9 mm is chosen to the SIW cavities design for wave excitation in-phase in both Sub 2 (V-polarization) and Sub 3 (H-polarization). By introducing the offset , a dualpolarized feed network can be implemented by two-layer SIW structure.
C. 8 × 8 ELEMENT ARRAY
The 8×8 element array is constructed by uniting four 4×4 array in Sub 1. Full-corporate feeding networks are designed in Sub 2 and 3 to feed elements in same amplitude and phase. 
TABLE 3. Dimensions of T-junctions and transitions (units: mm).
The layout of three PCB layers are demonstrated in Fig. 9 , with the added dimensions listed in Table 3 . Fixtures are applied at the corners and edges of each PCB laminate to stacked layers in alignment. The SIW ports (Port 1 and Port 2) of the antenna array are terminated by waveguide to SIW transition [17] , which connects the standard Flange of WR-15 waveguide. Transitions are surround by the screw holes for Flange positioning.
In Sub 2 and Sub 3, the incident power from transition is divided into four parts by going through one T-junction (T1) and two unbalanced T-junctions (T2). The geometries of T1, T2 and transitions are re-plotted, respectively. Compared to T1 with equal arm, T2 has an unequal arm length for the offset . This leads to a phase difference between the two outputs of T2. So, six extra vias are added in the longer arm of the unbalanced T-junction T2. Thus, the wave velocity is speed up and the balanced outputs can be achieved [24] . The dimensions of two T-junctions (T1 and T2) and transition have been optimized to ensure their wideband reflections. For T-junctions, the phase error between outputs is desired to be maintained at 0 • over the operating band so as to excite the slot element radiators in phase. Fig. 10 shows the S-parameters in amplitude and phase error ( S21− S31−180 • ) of T1 and T2. Both junctions have a wide overlapped bandwidth covers 57 to 67 GHz for |S11| <15 dB. The amplitude of output ports (|S12| and |S13|) are uniformed to −3 dB, with a variation lower than 0.5 dB over the impedance bandwidth. In the inner figure of Fig. 10(a) , T1 has almost 0 • phase error over the operating band, which is expected as they have equal arm lengths.
The phase error of T2 in the inner figure of Fig. 10(b) is hard to consistent to 0 • over the operating band due to its unbalanced arm length. In the proposed design, the phase error is 0 • at 60 GHz and the other frequencies has ±10 • differences from the ideal value, which is acceptable for the in-phase excitation of the array. Fig. 11 shows the photograph of the fabricated 8×8 dualpolarized antenna array. It was printed independently by conventional PCB facilities, and stacked and fixed together VOLUME 6, 2018 by fixtures and screws. The Flange connections could be linked to the coaxial connector adaptor for the measured port, and terminated the other port with the waveguide load, as indicated in Fig. 11 . The overall size of the antenna prototype including the transitions is 52 mm × 52 mm × 2.5 mm. The effective radiating aperture is 27.2 mm × 27.2 mm. The S-parameters of the proposed antenna were measured by an Agilent Network Analyzer N5247A. The radiation performance was measured by using a Compact Antenna Test Range (CATR) measurement system. The gain of the array was obtained by comparison with a standard horn. Fig.12 plots the measured and simulated S-parameters of the fabricated antenna array. The measured bandwidth of less than −10 dB is 18.0% (55.1-66.1 GHz) for V-polarization (|S11|), and 17.1% (55.7-66.1 GHz) for H-polarization (|S22|). Their resonance frequencies are in well agreement to the simulations, which covers 57.0-65.8 GHz and 57.2-65.6 GHz respectively. Some difference on the lower end of the operating band is mainly caused by the fabrication tolerance on the via radius. It is believed that the performance can be recovered by minor tuning of dimensions of the design. The isolation in the same figure show that both the simulated and measured |S21| are lower than −34.7 dB over the whole operating band with good agreement.
III. FABRICATION AND MEASUREMENT
The normalized radiation patterns for Port 1 and 2 are shown in Fig. 13 in both E-and H-planes. It can be observed that the simulated radiation patterns agree well with the measure ones. Most depicted radiation patterns are symmetrical with the main beams pointed at the boresight direction. A slight discrepancy between the simulated and measured results is mainly caused by fabrication tolerance and the influence of the feeding setup near the AUT (Antenna Under Test). The simulated cross-polarization level is outside the scale of −40 dB in some cases. Hence, the dot lines (green) that represents the cross-polarization in simulation are not observed in some subfigures. The measured cross-polarization level is lower than −19 dB, which is slightly higher than the simulated ones due to the fabrication and alignment tolerance of the antenna. The 3 dB beam-widths in the range of 7 • ∼ 9 • are stable throughout the operating band with small variation.
Gain in measurement and simulation for Ports 1 and 2 are shown in Fig. 14 . When one port is measured, the other port is terminated by a waveguide load. For Port 1, the simulated gain is up to 22.7 dBi with a variation of 2.0 dB over the 56-63 GHz band. Measured gain is up to 22.3 dBi with a variation of 2.5 dB over 54-61 GHz band. For Port 2, the gain is similar to that of Port 1, but have around 0.6 dB drop in average for both measured and simulated values. This is reasonable as the power from Port 2 needs to couple upward one additional layer (Sub 3) compared with that of Port 1.
The shape of the measured gain plots are closed to the simulated ones, but have a 2 GHz down-shifts for both ports 1 and 2. It was analyzed in some publications that an offset on the measured gain might be cause by the material properties, i.e. the permittivity, loss tangent, and thickness of the substrate. In this study, we also investigate the effects on the fabrication tolerances on the via radius. It was found that a smaller via radius would cause a down-shift of the high gain band, as shown in Fig. 15 . The model with via radius equals to 0.10 mm have a good agreement with the measured result that reach more than 19.7 dB gain values over 53-61 GHz. The change on the via radius would shifts the SIW feed network operating band, thus further shift the high efficiency band and the high gain band of the antenna array. The tolerance on the via size is mainly caused by the rough hole punch on the Rogers 5880 laminates in the fabrication process. As indicated in Fig. 16 , the diameter of the hole is 0.30 mm, but expected to be smaller when the burred edge caused by the rough hole punch on the Rogers 5880 laminates. Therefore, the diameter of the vias is reduced to 0.20 mm, or 0.1 mm for the via radius. For this reason, the via radius of SIW will be adjusted for the above consideration for the next version of the array design.
The simulated radiation efficiencies of the 8×8 antenna prototype are presented in Fig. 17 , showing a steady high efficiency over 77% on 54-64 GHz for both ports. The radiation efficiency was further explored by scaling to 8×16 and 16×16 elements. It was found that the radiation efficiency for 8×16 element has almost the same level with the 8×8 antenna prototype. For the design with 16×16 elements, an average drop of 10% is occurred with a narrowed high-gain bandwidth. This drop is mainly caused by the extension on the SIW structure, as can be also found in [27] . Nevertheless, the simulated gain keeps over 70% on the operating band of 56-61 GHz, which means the proposed array is acceptable for scaling to a larger array. For the measured (or calculated) radiation efficiency, the results are obtained from the prototype with 0.1mm via radius due to the fabrication tolerance. The measured efficiency of 8×8 antenna prototype at 60 GHz is calculated as 72.5% for port 1 and 71.4% for port 2. The decrease in antenna efficiency is partially due to the fabrication and alignment tolerances, and also the uncertainty of the dielectric loss of the Rogers 5880 PCB laminates. 
IV. COMPARISON
First, some typical 60 GHz antenna arrays are chosen and compared to our work in Table 4 . It is noticed slot antennas or cavity backed antenna are a main stream for the millimeter-wave antenna array due to their simple structure and easy in fabrication. However, the cavity or cavity-backed slot antenna array have inherence narrow bandwidth such as the works in [11] and [15] . So, some bandwidth enhancement methods were developed by employing EBG-type SIW [23] or slot-patch radiator structure [24] . They result in the need of additional layers or complex fabrication process. In our work, the semi-circle cut technique is simple and applied easily to 60 GHz broadband and dual-polarized antenna array design. As a result, a 17.1% impedance bandwidth is obtained without the occupation of the extra size or complex structure.
Second, most of the 60 GHz antenna arrays are working on the single polarization due to the restriction on the antenna element or the limit space of the feed networks. Despite the 60 GHz antenna array with a stacked 22-layer structure for a gain of 32.3 dBi is the highest gain record in the literature [5] , our work only adopts a 3-layer structure for a maximum gain of 22.3 dBi with a 17.1% broadband impedance bandwidth using low-cost fabrication and simple aperture-coupled vertically SIW structure. Thanks to the use of simplified feed network, the proposed antenna array is easy to extend to larger array with the high gain value. In comparison, our work resolves the tradeoff between the high-gain and broadband for dual-polarized antenna array in 60 GHz.
Third, the proposed antenna array with high efficiency can be obtained even if more elements are involved. This is reasonable as the proposed array has small feeding network with low PCB permittivity.
V. CONCLUSION
We have developed a dual-polarized SIW-fed slot antenna array that achieves high-gain and broadband characteristics in a low-cost low-profile structure. 
